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ABSTRACT 


Oxidation  resistant  materials  suitable  for  passively  cooled  thrust  chambers  for 
N2O4/ Amine  propellants  were  evaluated  by  nozzle  test  firings  at  400  psia  to  600  psia. 

Thermal  stress  analysis  was  performed  to  establish  designs  capable  of  perform¬ 
ing  for  long  duration,  multiple  restart  duty  cycles.  A  nozzle  insert  made  of  edge  oriented 
washers  of  zirconium  pyrocarbide  and  hafnium  pyrocarbide  experienced  high  erosion  rates 
comparable  to  pyrolytic  graphite  washers.  A  pyrolytic  graphite  coated  Carbitex  nozzle 
experienced  low  erosion  rates,  about  .6 mil/sec.  The  best  erosion  resistance  was  demon¬ 
strated  by  a  zirconium  diboride  insert  made  of  Material  VIII  (18, 10)  from  Man  Labs,  Inc. 
This  insert,  in  the  form  of  two  segments,  was  designed  to  resist  thermal  shock  by  free 
thermal  expansion  and  by  heat  flux  reduction  through  a  preoxidized  coating.  This  nozzle 
concept  allows  the  use  of  materials  formerly  prohibited  from  rocket  nozzle  applications 
because  of  thermal  stress  sensitivity. 
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SECTION  I 


INTRODUCTION 


This  report  presents  the  results  of  a  program  conducted  by  The  Marquardt 
Company  to  evaluate  oxidation  resistant  materials  for  application  to  passively  cooled 
thrust  chambers  for  N2O4/ Amine  propellant  combinations  at  chamber  pressures  from 
400  psia  to  600  psia.  Three  types  of  high  temperature  materials  were  tested  in 
nozzle  firings  at  AFRPL,  Edwards,  California.  The  three  types  of  materials  tested 
were  as  follows : 

•  Zirconium  diboride  alloys 

•  Pyrolytic  Graphite 

•  Zirconium  Pyrocarbide  and  Hafnium  Pyrocarbide. 

The  material  which  demonstrated  the  best  erosion  and  oxidation  resistance 
was  a  zirconium  diboride  alloy,  Man  Labs  Material  VIII  (18, 10), containing  eighteen 
percent  SiC  and  ten  percent  graphite.  The  successful  demonstration  of  this  material 
was  due  to  development  of  a  new  design  concept  for  thermal  shock  resistant  rocket 
nozzles. 

Segments  of  a  zirconium  diboride  alloy  were  designed  by  Marquardt  to  resist 
thermal  shock  by  free  thermal  expansion.  Pyrolytic  graphite  springs  surrounding  the 
throat  segments  provided  a  unique  method  of  holding  the  segments  in  position  under 
handling  and  vibration,  while  also  allowing  thermal  expansion  of  the  segments  during 
engine  firing. 

The  thermal  stresses  in  the  segments  were  also  reduced  by  a  coating  of  low 
thermal  conductivity  oxides  formed  by  pre-oxidation.  The  pre-oxidized  coating  ad¬ 
hered  to  the  segments  during  engine  firings  at  400  psia.  No  thermal  stress  cracking 
or  measurable  erosion  was  encountered  during  a  25  second  firing  with  the  oxidizing 
propellants  NgO^/NgH^.  A  second  run  of  53  seconds  was  also  made  with  minimal 
erosion  of  the  nozzle  segments,  although  one  of  the  pyrolytic  graphite  springs  was 
displaced,  reducing  thermal  expansion  and  causing  several  cracks  in  the  boride  inserts. 

This  new  nozzle  design  concept  provides  a  way  to  utilize  oxidation  and  erosion 
resistant  nozzle  materials,  such  as  Man  Labs’  boride  alloys,  in  rocket  applications 
formerly  prohibited  by  thermal  shock. 

Moderate  erosion  rates  (0.6  mil /sec)  of  pyrolytic  graphite  were  demonstrated 
during  test  firings  of  a  pyrolytic  graphite  coated  Carbitex  nozzle.  The  erosion  rates  were 
greater  than  the  0.075  mils/sec  goal  of  the  program. 

A  washer  nozzle  containing  hafnium  pyrocarbide  (HfC/PG)  and  zirconium 
pyrocarbide  (ZrC/PG)  washers  eroded  badly,  as  did  a  washer  nozzle  containing  unalloyed 
pyrolytic  graphite.  The  erosion  of  the  washer  nozzles  appeared  to  be  caused  primarily 
by  mechanical  spalling  rather  than  by  chemical  erosion. 
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Other  nozzle  concepts,  including  a  ZrC/PG  coated  Carbitex  nc  zle  and  a 
a  HfC/PG  coated  Carbitex  nozzle,  were  not  carried  into  test  firing  evaluation 
because  of  fabrication  difficulties  and  a  program  redirection. 

It  was  concluded  from  this  program  that  the  segmented  boride  nozzle  concept 
has  great  potential  for  erosion  resistance  to  N2O4 /Amine  propellants. 
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SECTION  II 


SUMMARY 


The  objective  of  t«i?s  program  was  to  develop  and  demonstrate  passively  cooled 
thrust  chamber  materials  capable  of  withstanding  the  environment  of  NgO^/Amine 
propellant  combinations  for  long  duration,  multiple  restart  duty  cycles.  Designs  were 
established  with  the  aid  of  thermal  stress  analysis.  Test  firing  evaluation  was  done 
at  AFRPL  at  the  3000  lb.  thrust  level  for  a  chamber  pressure  of  400  psia  exhausting 
to  13.2  psia.  The  chamber  pressure  was  to  be  maintained  within  five  percent  over  a 
300  second  firing  cycle,  which  implies  an  erosion  rate  of  less  than  0. 10  mil/sec  with  a 
throat  diameter  of  about  2.5  inch.  It  had  been  estimated  that  the  injector  design 
would  produce  a  maximum  wall  temperature  at  the  throat  of  4000°F. 

1.  COMBUSTION  CHAMBER  ENVIRONMENT 

a.  Temperature 

The  temperature  to  which  the  combustion  chamber  materials  would  be 
exposed  would  be  3500°!  to  4000°F  if  the  engine  design  goals  were  met.  However, 
the  combustion  gas  temperatures  for  the  h^O^Amine  propellents,  some  of  which  are 
illustrated  in  Figure  l,are  higher  than  4'00°F  for  most  mixture  ratios  of  interest. 
Therefore,  some  form  of  film  cooling  or  mixture  ratio  control  would  be  required  to 
limit  the  chamber  material  temperatures  to  4000°F.  This  appeared,  to  be  feasible 
with  the  TRW  injector  to  be  used  on  this  program  „ 

b.  Chemical  Composition 

The  chemical  composition  of  the  combustion  gases  of  interest  is 
typified  by  that  for  N0C)^/MMH  shown  in  Figure  2  .  The  principal  corrosive 
combustion  species  are  l^O  and  II2 -  Carbon  monoxide  is  inert  to  the  chamber  mater¬ 
ials  of  interest,  while  No  wiii  generally  be  inert  or  slowly  reacting.  Carbon  dioxide 
(CO2)  can  oxidize  many  materials,  but  it  is  present  only  in  small  amounts,  especially 
at  low  mixture  ratios. 

A  comparison  of  the  il90  content  in  the  combustion  gases  of 
com'  med  with  six  amine  prupellauts  fivIMH,  BA  1014,  UDMH,  -  0.5  UDMH, 

ana  0.25  NH3-O.55  N2II4  -  0.20  N0H5N3)  for  a  range  of  mixture  ratios  is  shown  in 
Figure  3  . 

2.  MECHANISMS  OF  OXIDATION  PROTECTION 

At  wall  temperatures  of  3500oF  to  4000°F,  the  only  potential  chamber  materials 
which  will  not  be  oxidized  by  the  water  vapor  in  the  combustion  products  are  oxides. 

The  most  refractory  oxides  are  as  follows: 


Material 

Formula 

Molting  Point  °F 

Thorium  Oxide 

Th  O-, 

5t»70 

Hafnium  Oxide 

HI  O., 

5232 

Magnesium  Oxide 

MgO 

5070 

Cerium  Oxide 

CeO^ 

4080 

Zirconium  Oxide 

/io. 

4868 

Calcium  Oxide 

CaO 

4600 

Beryllium  Oxide 

BeO 

•id20 

Considerable  effort  lias  been  made  to  overcome  the  brittle  behavior  of  the  oxides 
by  use  of  honeycomb  metallic  reinforcements  of  various  types  and  by  bonding  of  mixed 
oxides  through  seintering,  hot  pressing,  etc  An  extensive  test  firing  evaluation  of  84 
nozzle  materials  by  NASA- Lewis  with  N  >0-/0.  5  N  -  0.  3  UDMH  at  a  chamber  pressure 

-  *  Tt 

of  100  psia  is  reported  in  Reference  1  .  The  most  successful  nozzles  tested  contained 

either  zirconium  oxide  or  hafnium  oxide.  Honeycomb  reinforced  oxides  in  general  have 
not  been  very  successful  in  high  temperature  thermal  stress  applications. 

Another  way  to  use  the  oxidation  resistance  of  oxidation  resistant  oxides  is  to  use 
thrust  chamber  materials  which  will  form  a  refractory  oxide  coating  when  exposed  to  the 
combustion  environment.  However,  in  this  case  the  thrust  chamber  material  as  well  as 
the  resultant  oxide  must  have  a  molting  point  above  the  maximum  expected  temperature. 
This  limits  the  number  of  materials  and  oxides  considerably.  Two  of  the  most  successful 
materials  which  are  sufficiently  refractory  and  lorm  refractory  oxides  are  zirconium 
carbide  and  hafnium  carbide.  The  melting  point  of  zirconium  oxide  is  1868°F  and  that 
of  hafnium  oxide  is  523 '1  F.  (Variations  of  seveial  hundred  degrees  in  reported  melting 
points  of  high  temperature  materials  is  common). 

Once  the  oxide  'surface  coating  is  formed,  further  oxidation  protection  depends  on 
the  strength  of  adherence  under  the  combustion  gas  shearing  force,  and  the  rate  of 
diffusion  of  oxidizing  ions  through  the  oxide  coating  io  the  virgin  material  beneath. 

E\vn  though  an  oxide  coating  is  formed  on  the  exposed  surface,  the  wall  beneath 
will  be  subject  to  further  oxidation.  Most  ot  tlu-  oxides  of  interest,  such  as  zirconium 
and  hafnium  oxide,  are  semi-conductors,  with  metal -deficit  lattice  structures.  However, 
the  number  of  lattice  defects  at  the  oxide-gas  interface  is  expected  to  be  small,  and 
therefore  the  rate  of  oxidation  through  the  oxide  layer  should  be  somewhat  independent  of 
partial  pressure  of  the  oxidizing  species  (Reference  2  )•  This  implies  that  the  oxidation 
rate  for  a  stable  oxide  coni  ine  would  not  be  directly  proportional  to  chamber  pressures  or 
gas  composition.  However,  gas  shearing  force  tending  to  remove  the  coating  will  certainly 
increase  with  higher  chamber  pressures.  If  the  oxide  does  not  adhere,  the  chemical 
eiusiUii  will  uiVihiebfeifi.  ne  t/.ti  xs«»e  Ivu  materials  such  is  hafnium  caibide  and  ^Lconiuiu 
carbide.  The  most  probable  behavior  will  involve  gradually  increasing  oxide  layer  tnick- 
,  'uwtW  IK'  Ofc‘  wtok  Is-  v’w-.fetiK  ■'  t  by  parting  ot  the  vAf<tv  teyeT, 

with  subsequent  formation  of  a  new  oxide  layer-  Hu  oxide  layer  may  spall  off  during  cool 
down  and  restart,  but  the  amount  of  total  erosion  in  either  case  may  be  acceptable. 


3. 


CANDIDATE  MATERIALS 


The  five  nozzle  materials  selected  initially  for  this  program  were  as  follows: 

a.  Zirconium  diboride  alloy 

b.  Zirconium  pyrocarbide  coating  on  Carbitex 

c.  Hafnium  pyrocarbide  coating  on  Carbitex 

d.  Zirconium  pyrocarbide  washers 

e.  Hafnium  pyrocarbide  washers. 

All  of  these  materials  were  potentially  resistant  to  oxidation  because  refractory 
oxides  would  form  on  them  when  exposed  to  the  combustion  gas  environment.  The  zir¬ 
conium  diboride  alloys  were  obtained  from  Man  Labs,  Inc.  The  zirconium  pyrocarbide 
and  hafnium  pyrocarbide  were  supplied  by  the  Raytheon  Company.  The  Carbitex  was 
supplied  by  Carborundum  Company. 

A  sixth  nozzle  material,  pyrolytic  graphite  coating  on  PYROBOND,  a  carbon/carbon 
composite  material,  was  added  soon  after  the  program  had  begun.  It  was  recognized  that 
the  pyrolytic  graphite  would  be  subject  to  chemical  erosion.  However,  it  was  desired  to 
determine  the  rate  of  chemical  erosion  in  a  full  scale  nozzle  environment. 

The  original  program  plan  called  for  the  pyrolytic  graphite  coating  to  be  applied 
by  Super  Temp  Company  on  a  carbon/carbon  substrate  fabricated  by  Whittaker  Corp. 
and  Super  Temp  Company.  The  PYROBOND  Substrate  was  not  completed,  however, 
lue  to  a  program  redirection  and  the  pyrolytic  graphite  coating  was  evaluated  on  a 
Carbitex  substrate. 

4.  PROGRAM  REDIRECTION 

The  program  originally  called  for  all  six  nozzles  to  be  built  with  a  throat  dia¬ 
meter  of  2.  55  inch  and  tested  at  400  psia  with  N2O4/N2H4.  Considerable  difficulty 
was  encountered  by  Raytheon  Company  in  fabrication  of  pyrocarbide  washers.  Con¬ 
currently,  the  Air  Force  found  that  one  of  its  rocket  programs  using  a  pvrolytie 
graphite  washer  nozzle’  was  experiencing  excessive  erosion.  Therefore,  a  program 
redirection  occurred  midway  through  the  program,  resulting  in  emphasis  on  solving  the 
problems  of  fabricating  pyrocarbide  washers  for  a  throat  diameter  of  1.47  inch.  Fab¬ 
rication  of  the  PYROBOND  carbou/carbon  composite  substrates  and  the  hafnium  and 
zirconium  pyrocarbide  coated  Carbitex  nozzles  was  discontinued,  since  these  materials 
could  not  bo  as  easily  adapted  to  the  1. 47  inch  diameter  throat,  design. 

One  nozzle  was  eventually  built  with  both  zirconium  pyrocarbide  and  hafnium 
pyrocarbide  washers  with  a  throat  diameter  of  1.  47  inch  and  tested  at  a  nominal  chamber 
pressure  of  570  psia  with  N2O4/MMH.  Four  other  nozzles  tested  on  the  program  at  400 
psia  using  N2O4/N2H4  and  a  throat  diameter  of  2.  55  inch  were  as  follows: 

(1  nozzle)  ZrB2,  Material  V  and  Material  VIII  (IS,  10) 

(1  nozzle)  ZrB2,  Material  VOI  (18,  10) 

(2  nozzles)  Pyrolytic  graphite  coated  Carbitex 
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SECTION  m 


BORIDE  NOZZLE  NO.  1 


A  nozzle  assembly  with  a  segmented  throat  insert  of  zirconium  diboride  alloys 
made  by  Man  Labs,  Inc.  was  designed  and  fabricated  with  the  configuration  shown  in 
Figure  4  .  The  design  was  established  on  the  basis  of  stress  analysis  of  segmented 
nozzle  inserts,  which  were  used  in  order  to  allow  free  thermal  expansion  and  thus 
reduce  the  thermal  shock  stresses  l  elo\  the  levels  encountered  in  conventional  inserts. 

The  Man  Lab's  borides  are  made  from  hot-pressed  powders  of  zirconium  di¬ 
boride  (ZrB>)  or  hafnium  diboride  (HfBo)  with  additives  such  as  silicon  carbide  (SiC) 
and/or  carbon.  When  exposed  to  an  oxidizing  high  temperature  environment,  the  borides 
oxidize  on  the  surface,  forming  zirconium  oxide  (Zrt>2)  with  a  melting  point  of  about 
4900  F,  or  hafnium  oxide  (HfC^),  which  has  a  melting  point  of  about  5200°F.  The  com¬ 
positions  and  observed  melting  points  of  a  number  of  Man  Labs'  borides  are  shown  in 
Figure  5  .  The  oxidation  resistance  has  been  improved  by  addition  of  SiC,  which 
forms  a  viscous  SiO.,  phase,  which  helps  seal  the  surface  and  retard  further  oxidation. 
Carbon  addition  to  the  borides  provides  a  higher  thermal  conductivity  and  thermal  shock 
resistance,  but  reduces  oxidation  resistance  somewhat. 

The  borides  exhibit  brittle  behavior,  being  unable  to  undergo  plastic  strain  at 
low  temperatures.  Tests  of  rocket  nozzle  inserts  have  shown  that  the  materials  have 
superior  oxidation  resistance  but  fail  by  cracking.  Test  firing  of  small  inserts  (throat 
diameter  --  0.  f>  inch)  reported  in  Reference  3  showed  that  two  Man  Labs'  V  inserts 
incurred  axial  cracks  and/or  spalling.  Axial  cracks  indicate  probable  thermal  stress 
failure  due  to  circumferential  thermal  stresses  exceeding  the  tensile  strength  of  the 
luutcual.  Stalling  fdiiult;  indicates  piubabie  shear  failure.  The  inserts  wei  e  nut 
designed  by  thermal  stress  analysis,  but  were  dimensioned  to  m  into  a  standard  holder 
envelope  for  screening  tests.  Two  other  inserts  of  Man  Labs'  VIII  (18,  10)  material 
were  also  tested;  one  had  a  spall  failure  and  the  other  had  two  axial  cracks.  None  of 
the  cracks  in  Man  Labs1' materials  caused  catastrophic  failure  during  testing,  probably 
because  of  the  s  nail  size  of  the  inserts.  No  throat  erosion  was  measured  on  any  of  the 
Man  Labs'  mat  -  ials  reported  in  Reference  3  •  The  tests  were  run  with  N'204/Hydrazine 
at  a  chamber  pressure  of  about  200  psia  and  at  mixture  ratios  of  0.  73,  1.  0  and  1.  2,  with 
corresponding  combustion  temperatures  of  4000°F,  4oOOnF  and  5000°F.  The  temperatures 
reached  b\  the  inserts  during  the  Reference  3  test  durations  of  up  to  120  seconds  were 
not  known. 

1.  STRESS  ANALYSIS 

Stress  analysis  of  the  throat  inserts  was  made  using  structural  networks  of  the 
type  shown  m  Figure  6  .  Boundary  conditions  assumed  were:  (1)  outside  surface  fully 
restrained  and  (2)  outside  surface  free  to  expand.  Segment  angles  (circumferential  arc) 
of  60  ,  180°  and  360°  (continuous  axisymmctric  ring)  were  analyzed.  Insert  thicknesses  of 
b.  1,  0.  0.  3G  ami  t>.  9W  inch  wttre-  evate&ted.  Transit  thermal  csleslaWl 

assuming  a  throat  film  temperature  of  4000°F,  based  on  evaluation  of  the  TRW  injector 
to  be  used  in  the  test  firings. 
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FIGURE  4.  DESIGN  OF  BORIDE  NOZZLE  NO. 


FIGURE  5.  MELTING  POINTS  OF  OXIDATION  RESISTANT  MATERIALS 


FIGURE  6.  STRUCTURAL  NETWORK  FOR  BORIDE  NOZZLE  STRESS  ANALYSIS 


The  temperature  gradients  in  a  3/8-inch  thick  insert  are  shown  in  Figure  7 
Material  properties  of  Material  V  (80%  ZrB2, 20%  SiC)  shown  in  Table  I  ,  were 
used  for  almost  all  of  the  stress  analysis.  Preliminary  analysis  of  maximum  stresses 
due  to  linear  temperature  gradients  were  made  using  the  following  equation  from 
Reference  4  « 


*  eat 

2  (1-u)  In  7 

a 


■2a2  Jn A 

bV  v 


Where: 


Circumferential  stress,  outside  surface 
Axial  stress,  outside  surface 
Coefficient  of  thermal  expansion 
Modulus  of  elasticity 


AT 


Linear  temperature  gradient 


V 


Poisson's  ratio 


a  =  Inside  radius  of  insert 


b  =  Outside  radius  of  insert 

The  predicted  stresses  for  Material  V  and  Material  Vm  (18,  10)  differed  by  only 
12%  for  equal  temperature  gradients,  as  might  be  expected  from  examination  of  material 
properties  in  Table  I  .  Therefore,  subsequent  stress  predictions  for  Material  V,  using 
temperature  dependent  material  properties  and  transient  temperature  gradients,  were 
also  assumed  to  be  applicable  to  Material  VIII  (18,  10).  These  two  materials  were  selected 
from  the  large  number  of  Man  Labs'  boride  alloys,  Figure  5  ,  because  Man  Labs  has 
had  more  experience  in  fabricating  and  testing  these  two  than  any  others,  it  was  expected 
that  they  would  also  be  somewhat  more  oxidation  resistant  than  Material  Vm  (14,  30), 
which  contains  a  larger  amount  of  carbon  to  allow  easy  machining. 

Since  the  borides  are  brittle  materials,  maximum  principal  stress  exceeding  tensile 
strength  was  assumed  to  be  the  failure  criterion.  The  effects  of  various  types  of  inserts 
and  external  boundary  conditions  are  shown  in  Figure  8  .  These  results,  for  a  throat 

insert  thickness  of  0.  96-inch,  should  be  representative  of  boundary  condition  effects  for 
other  thickness  inserts.  It  is  shown  in  Figure  0  that  a  continuous  ring  insert  (360° 
segment)  reaches  a  maximum  principal  stress  early  in  the  firing,  and  then  experiences 
reduced  stresses  as  the  insert  temperature  approaches  steady  state.  If  the  insert  is 
split  into  two  180°  segments,  and  is  free  to  expand  radially,  the  maximum  principal  stress 
is  reached  much  earlier  in  the  firing,  and  is  only  about  half  of  the  magnitude  of  stress 
reached  in  continuous  ring  inserts.  The  thermally  expanded  shape  of  such  an  insert  is 
shown  in  Figure  10  . 
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FIGURE  7.  TEMPERATURE  DISTRIBUTION  IN  3/8  IN.  BORIDE  INSERT 
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MAN  LABS  MATERIAL  V 


FIGURE  8.  MAXIMUM  STRESS  FOR  VARIOUS  INSERT  CONFIGURATIONS 


MAN  LABS  MATERIAL  V 
THICKNESS  =  0,96  INCH 


FIGURE  9.  STRESS-VS-TIME,  PLANE  STRESS  CONDITION 
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If  the  segmented  insert  is  not  allowed  to  expand  radially,  the  maximum  principal 
stress  continues  to  rise  with  firing  time,  as  shown  in  Figure  10  .  Therefore,  it  is 
important  that  room  for  expansion  be  provided  around  a  segmented  insert. 

The  effect  of  segment  arc  angle  is  shown  in  Figure  a  for  a  condition  of  plane 
stress.  It  is  shown  that  the  first  spli*  in  the  insert  is  the  most  effective,  with  stresses 
of  about  100,000  psiin  a  continuous  360°  insert  dropping  to  about  50,000  psi  for  a  J80° 
segment.  Additional  reduction  in  aic  angles  to  00°  does  not  cause  much  greater  reduc¬ 
tion  in  stress.  Therefore,  the  final  stress  analyses  to  select  the  best  insert  thickness 
were  made  for  1«0°  throat  segnu  nts. 

A  summary  of  the  p red i curl  stresses  for  vai-fcw;  ihicUinssset:  ta  show*.  in 

Table  II  .  An  insert  length  of  i.  6  inches  was  used  in  all  of  these  calculations-  Other 
analyses  have  shown  that  axial  stresses  could  be  reduced  by  using  shorter  inserts,  but 
maintenance  ul  thr  eat  «_ontt>ar  ocef  ...r  giUut  «  leiigit.  AS  possible  waa  at&o  OesirutAe. 

2.  INSERT  DESIGN 

It  is  shown  in  Table  II  that  stresses  are  higher  for  plane  strain  rather  than 
plane  stress  conditions,  and  that  maximum  stress  increases  with  insert  thickness. 

The  predicted  stresses  were  compared  with  room  temperature  strength  of  the  borides, 
since  the  peak  of  stresses  oecurit.-d  at  locations  and  firing  durations  for  which  the 
temperature  had  not  yet  increased  significantly.  It  was  desirable  to  use  as  thick  an 
insert  as  possible  because  it  would  help  retention  by  the  aft  pyrolytic  graphite  washer. 

The  magnitude  ol  pyrolytic  graphite  erosion  was  not  know,  but  was  predicted  theoretically 
to  be  negligible  for  the  first  5b  sejonds,  rising  to  about  0.050  inch  after  150  seconds. 
More  important,  the  amount  <1  throat  erosion  was  unknown,  and  a  thicker  insert  could 
better  stand  some  fair  amount  of  erosion.  Consideration  of  such  factors  led  to  the  choice 
of  a  0. 38-inch  thick  insert  (O.  D-  of  3.50  inches,  throat  diameter  of  2.  55  inches). 

The  use  of  a  segmented  throat  insert  offered  the  opportunity  to  use  two  different 
boride  alloys  in  one  nozzle  assembly.  Material  V  was  chosen  as  one  material  because 
it  does  not  contain  carbon  and  would,  therefore,  be  expected  to  have  maximum  oxidation 
resistance.  Material  VIII  (18,  10)  was  chosen  as  the  second  material,  since  it  has  the 
characteristic  of  unusually  high  tensile  strength  in  the  direction  perpendicular  to  the 
pressing  direction,  as  shown  in  Figure  11  -  The  pressing  direction  would  ordinarily  be 
along  the  billet  (and  engine)  axis,  so  that  the  mgh  strength  would  be  in  the  circumferential 
direction.  The  anisotropy  of  tensile  strength  of  Material  VIII  (18,  10)  is  due  to  the 
orientation  of  graphite  particles  during  pressing. 

ft  was  recognized  that  strength  of  the  throat  inserts  was  marginal,  but  the  design 
represented  a  compromise  between  predicted  stresses,  strength,  and  unknown  erosion 
of  the  insert  and  backup  pyrolytic  graphite  washer. 

A  continuous  ring  of  Material  V  was  located  just  upstream  of  the  throat  segments. 
No  stress  analysis  was  done  on  the  upstream  ring,  but  it  was  expected  to  crack  from 
thermal  stresses,  based  on  the  tress  analysis  of  !he  throat  inserts.  It  was  hoped, 
however,  that  the  cracked  upstream  segment  would  remain  in  place,  providing  a  smooth 

flow  contraction  and  minimizing  erosive  forces  or;  the  throat  segments. 


MATERIAL 


CURE  11.  ANISOTROPY  OF  STRENGTH,  MATERIAL  VIII  ( 


Detailed  design  of  the  boride  inserts  is  shown  in  Figure  12.  A  pyrolytic 
graphite  leaf  spring  was  placed  in  the  gap  outside  of  the  throat  segments  to  keep 
the  segments  centered  in  the  throat  during  ignition  and  firmly  constrained  during 
handling  and  vibration. 

The  boride  inserts  were  fabricated  by  Man  Labs,  Inc. ,  Cambridge,  Mass. 

The  assembly  of  the  two  throat  inserts  and  the  pyrolytic  graphite  springs  is  shown 
in  Figure  13. 

3.  TEST  FIRING  EVALUATION 

The  No.  1  Boride  Nozzle  Assembly  shown  in  Figure  4  ,  was  test  fired 

at  AFRPL  using  N2O4/N2H4  propellants,  at  a  mixture  ratio  of  1.15*  The  C*  efficiency 
was  78.5%.  The  nozzle  failed  and  the  firing  was  terminated  after  47.6  seconds.  The  first 
significant  droo  in  chamber  pressure,  from  about  380  psig  to  350  psig,  occurred  12 
seconds  after  ignition.  The  chamber  pressure  had  risen  slightly  by  about.  10  psi  just 
before  the  sudden  drop  in  pressure  at  12  seconds.  The  chamber  pressure  dropped 
gradually  from  350  psig  to  about  338  psig  at  30  seconds  after  ignition,  at  which  time 
a  sudden  drop  in  chamber  pressure  to  315  psig  occurred,  followed  by  gradual  decline 
to  285  psig  at  the  time  of  shutdown. 

Post  test  examination  of  the  nozzle  showed  that  all  three  segments  of  boride 
had  be  n  ejected  from  the  nozzle.  Small  fragments  of  boride  shown  in  Figure  14 
were  picked  up  near  the  test  site.  The  ihickness  or  shape  of  most  of  the  fragments  was 
sufficiently  clear  to  distinguish  between  the  upstream  insert  and  the  throat  segmented 
inserts.  Photomicrographs  of  some  of  the  throat  fragments  were  taken,  which  provided 
identification  of  the  material  composition  (either  Material  V  or  Material  Vm  (18,  10). 

The  results  of  the  visual  and  microstructural  evaluation  are  summarized  in  Table  ID. 

The  amount  of  oxide  on  the  Material  VIII  (18,  10)  fragments  was  much  greater  than 
that  on  the  Material  V  fragments  from  either  the  upstream  ring  or  the  throat  segment. 


The  following  conclusions  were  drawn  from  the  post  test  evaluation  of  Boride 
Nozzle  No.  1: 


a.  The  upstream  ring  of  Material  V  cracked  into  small  pieces  and  was 
ejected  immediately  alter  ignition.  It  was  expected  that  the  upstream 
ring  would  suffer  thermal  stress  cracking,  based  on  approximate 
comparisons  with  the  extensive  stress  analysis  done  on  throat  ring 
inserts  and  segmented  throat  inserts.  However,  il  had  been  hoped 
that  the  upstream  ring  would  remain  in  place.  The  crack  propagation 
was  evidently  so  severe  that  the  upstream  ring  broke  into  fragments 
small  enough  to  pass  through  the  throat. 

b.  The  throat  segment  made  of  Material  V  cracked  and  was  ejected  from 
the  nozzle  immediately  after  ignition.  The  maximum  thermal  stress  in 
the  throat  insert  had  been  calculated  to  be  56,800  psi  one  second  after 
ignition,  assuming  instantaneous  chamber  pressure  of  400  psia.  The 
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FIGURE  13.  INSERT  ASSEMBLY,  BORIDE  NOZZLE  NO.l 


P/ZA&MENT  S  OE-  SEiSrMEH  TED  NOZ&LEE 


FIGURE  14.  FRAGMENTS  OF  SEGMENTED  NOZZLE 


TABLE  m 


POST  TEST  EXAMINATION  OF  BORIDE  FRAGMENTS 
Specimens  Collected  After  Test  Firing  June  7,  1972 


Specimen 

Material 

Identification 

Visual 

Appearance 

Throat  Specimen  No. 

1 

Material  V 

No  significant  oxidation 

Throat  Specimen  No. 

2 

Material  V 

Some  slight  oxidation 

Throat  Specimen  No. 

3 

Not  Analyzed 

Some  slight  oxidation 

Throat  Specimen  No. 

4 

Material  vm  (18, 10) 

Covered  with  white  oxide  and  sand 
from  ground 

Upstream  Specimens 
No’s.  1,  2,3 

Material  V 

No  significant  oxidation 

Unidentified  Specimens 

- 

Heavy  white  oxide  coating 
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actual  chamber  pressure  rise  took  about  0. 4  second,  but  this  reduction 
of  the  thermal  stress  environment  was  not  sufficient  to  avoid  thermal 
stress  failure.  The  strength  of  Material  V  is  only  48,000  psi,  and  it  had 
been  recognized  that  the  design  was  marginal  in  strength. 

c.  The  throat  segment  made  of  Material  V£0(18,  10)  was  not  ejected  from 

the  nozzle  until  30  seconds  after  ignition.  The  sequence  of  events  cannot 
be  established  with  certainty,  but  the  best  explanation  is  that  after  ejection 
of  the  Material  V  throat  segment,  the  Material  Vm  (18,  10)  segment  was 
free  to  move  transversely  a  distance  of  about  0. 5-inch,  which  would  allow 
gas  fle  w  around  the  insert  and  would  produce  bending  moments  in  the 
axial  and  possibly  radial  directions.  Evidently  this  condition  prevailed 
until  the  insert  reached  a  temperature  at  which  its  tensile  strength  was 
exceeded  by  the  bending  stresses.  There  is  no  strength  data  available  for 
the  borides  above  3300°F,  and  the  insert  probably  reached  4000°F  or 
higher.  The  room  temperature  strength  of  Material  Vm  (18,  10)  is 
anisotropic,  being  about  the  same  as  Material  V  in  the  pressing  (axial) 
direction,  but  being  significantly  higher  (75, 000  psi)  in  the  circumferential 
direction,  perpendicular  to  the  pressing  direction.  It  was  concluded  that 
the  strength  of  the  Material  Vm  (18, 10)  was  sufficient  to  withstand  the 
thermal  stress  just  after  ignition,  whereas  Material  V  failed* 


SECTION  IV 


BORIDE  NOZZLE  NO.  2 


1.  DESIGN 

A  second  boride  nozzle,  shown  in  Figure  15  ,  was  designed  after  post  test 

evaluation  of  the  first  boride  nozzle.  Both  160°F  throat  segments  were  made  of 
Material  VIH  (18, 10).  The  upstream  boride  ring  was  eliminated  and  replaced  by 
pyrolytic  graphite  washers.  The  length  of  the  throat  inserts  was  reduced  to  approxi¬ 
mately  0.60-inch  in  order  to  reduce  axial  stresses.  The  throat  inserts  were  also 
made  thicker  (0.  52-inch)  than  in  boride  nozzle  No.  1,  with  an  outside  diameter  of  3. 60 
inches  instead  of  3. 30  inches.  The  design  of  the  throat  segments  for  boride  nozzle 
No.  2  is  shown  in  Figure  16  .  Pyrolytic  graphite  springs  were  used  as  in  boride 
nozzle  No.  1.  Radial  slots  were  milled  on  the  face  of  the  downstream  pyrolytic 
graphite  washer  which  retained  the  throat  segments.  The  slots  were  designed  to 
maintain  pressures  surrounding  the  throat  segments  which  would  be  lower  than  the 
average  pressure  on  the  inside  of  the  inserts.  This  should  eliminate  the  possibility 
of  ejecting  the  insert  in  case  of  cracking. 

An  oxide  coating  was  provided  on  the  inside  surface  by  pre-oxidation  and 
subsequent  grinding  of  all  surfaces  except  the  inside  surface  and  ends.  The  pre¬ 
oxidized  throat  segments  are  shown  in  Figure  17  .  It  was  calculated  that  an  oxide 
layer  of  0.  006-inch  would  reduce  the  heat  flux  into  the  insert  by  about  50%  if  it 
would  adhere  during  the  early  stages  of  engine  firing. 

The  coating  formed  by  preoxidation  was  not  uniform  in  appearance,  as  shown 
in  Figure  17  .  The  coating  was  a  mixture  of  glassy  Si02  and  white  Zr02»  A 
pyrolytic  graphite  ring  of  the  size  desired  to  fabricate  the  pyrolytic  graphite  springs 
could  not  be  procured  due  to  lack  of  funds  at  this  point  of  the  program.  Therefore, 
an  available  pyrolytic  graphite  ring  was  used  to  make  the  four  springs.  After 
cutting  the  springs,  their  stiffness  was  found  to  be  much  greater  than  desired, 
but  assembly  of  the  Segmented  Nozzle  No.  2  with  these  springs  was  possible. 

The  incorporation  of  the  design  changes  described  above,  together  with  the 
relatively  good  performance  of  the  Material  VIII  (18,  10)  insert,  indicated  a  good 
probability  of  accomplishing  a  successful  firing  with  Boride  Nozzle  No.  2. 

2.  TEST  FIRING  EVALUATION 

Boride  Nozzle  No.  2  was  test  fired  successfully  with  excellent  results.  A  first 
firing  of  25  seconds  was  made  with  the  propellant  combination  N2/Oj/N2H4  at  a  mixture 
ratio  of  0.94.  The  C*  efficiency  was  94.5%.  The  chamber  pressure  was  401  psig 
during  the  25-second  firing,  after  which  the  nozzle  was  removed  from  the  stand, 
examined,  and  photographed.  The  nozzle  entrance  after  the  25-second  firing 
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SEGMENTED  PRE-  OXIDIZED  BORIDE  NOZZLE 


FIGURE  15.  DESIGN  OF  BORIDE  NOZZLE  NO. 
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FIGURE  17.  PREOXIDIZED  THROAT  SEGMENTS 


i 5  shown  in  Figure  18,  There  was  no  measurable  throat  erosion  and  the 
oxide  layer  on  the  boride  segments  seemed  to  be  in  the  same  condition  as  before  the 
firing.  It  seemed  probable  that  the  p  re -oxidized  coating  had  adhered  throughout  the 
engine  firing.  There  were  no  visible  cracks  in  the  boride  segments. 

The  first  test  firing  had  been  terminated  at  25  seconds  because  of  a  mechanical 
failure  of  the  injector  pintle,  causing  a  large  drop  in  performance  and  chamber  pressure. 
After  replacement  of  the  pintle,  a  second  firing  was  made  for  53  seconds  at  a  mixture 
ratio  of  0.93.  The  C*  efficiency  was  84.5%.  The  firing  was  terminated  because  of 
overheating  of  the  injector,  causing  an  excessive  rise  of  fuel  manifoid  pressure.  A 
very  slight  drop  in  chamber  pressure  was  noted  during  the  53-second  firing,  from 
300  psig  to  357  psig.  The  nozzle  throat  is  shown  in  Figure  19.  There  was  evidence 
of  some  slight  erosion,  and  several  cracks  in  the  boride  segments.  The  boride  seg¬ 
ments  and  pyrolytic  graphite  springs  are  shown  after  disassembly  of  the  nozzle  in 
Figure  20  • 

The  cracks  in  the  boride  segments  were  apparently  caused  by  cracking  and 
displacement  of  one  of  the  pyrolytic  graphite  springs,  which  prevented  full  thermal 
expansion  of  the  segments  as  they  approached  steady  state  temperature.  This  condi¬ 
tion  is  described  by  the  results  of  stress  analysis  of  180  degree  segments,  restrained 
on  the  outside  surface,  as  shown  in  Figures  6  and  9.  The  fact  that  the  PG  springs 
were  overstressed  is  also  indicated  by  the  delamination  seen  in  one  spring. 

The  effects  of  the  bypass  flow  of  gas  around  the  boride  segments  and  through 
the  slots  in  the  aft  PG  washer  are  shown  by  the  oxidation  streaks  on  the  aft  side  of 
the  boride  segments,  as  shown  in  Figure  21  •  This  bypass  gas  flow  did  not  seem 
to  cause  any  problem  in  the  nozzle  insert. 

The  results  of  the  post  test  evaluation  of  Boride  Nozzle  No.  2  lead  to  the  following 
conclusions: 

a.  The  thermal  stresses  in  the  pre-oxidized  segmented  nozzle  did  not 
cause  any  cracking  of  the  boride  at  the  time  of  peak  thermal  stress 
just  after  ignition  or  during  the  25  second  firing. 

b.  The  available  pyrolytic  graphite  springs  cracked  and  displaced  during 
the  53  second  firing  due  to  excessive  stiffness,  leading  to  stress 
failure  as  the  insert  approached  steady  state  temperatures. 

c.  Use  of  a  proper  pyrolytic  graphite  spring  or  other  design  changes  to 
prevent  displacement  of  the  pyrolytic  graphite  springs  should  permit 
use  of  segmented  nozzle  inserts  for  a  variety  of  firing  duty  cycles. 
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FIGURE  18.  ENTRANCE  OF  BORIDE  NOZZLE  NO.  2  AFTER  25  SECOND  FIRING 
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FIGURE  20.  SEGMENTED  INSERT  FOR  BORIDE  NOZZLE  NO.  2  AFTER  FIRING 


downstream  side  of  boride  segments 


SECTION  V 


PYROLYTIC  GRAPHTTE/CARBITEX  NOZZLE  NO.  1 


A  pyrolytic  graphite  coated  Carbitex  713  nozzle  was  fabricated  with  the  design 
shown  in  Figure  22  .  The  structural  design  and  durability  of  a  similar  nozzle  had 
previously  been  established  during  test  firings  with  fluorinated  propellants . 

The  interest  in  a  PG/Carbitex  nozzle  for  the  current  program,  which  required 
oxidation-resistant  rocket  nozzles,  was  due  to  the  results  of  test  firings  of 
pyrolytic  graphite  coated  nozzle  inserts  in  N204/N2H4  reported  in  Reference  3 .  The 
low  erosion  rates  reported  therein  were  difficult  to  explain  in  light  of  the  available  data 
on  oxidation  rates  of  pyrolytic  graphite.  Therefore,  a  pyrolytic  graphite  coated  nozzle 
was  included  in  the  program  with  the  primary  objective  of  determining  chemical  erosion 
rates  in  a  large  nozzle  with  N204/N2H4  propellants.  Such  propellants,  at  a  mixture 
ratio  of  1. 2,  would  produce  a  water  vapor  mole  fraction  of  about  .  45.  The  predicted 
throat  erosion  rate  at  a  wall  temperature  of  4000°F  was  about  0. 3  mil/sec,  which  would 
be  excessive  for  the  contract  objectives. 

1.  DESIGN  AND  FABRICATION 

The  nozzle  assembly  (Figure  22  )  was  designed  to  provide  a  free-standing  PG/ 
Carbitex  nozzle  attached  and  sealed  to  the  water  cooled  adapter  by  spring  loading 
against  Viton  O-rings  in  the  adapter.  This  required  that  the  front  edge  of  the  Carbitex 
be  smooth  and  free  from  delaminations  or  flaws,  which  would  provide  leak  paths 
around  the  O-rings.  When  the  final  cut  was  made  on  the  edge  of  the  Carbitex  chamber 
after  application  of  the  PG  coating,  deep  grooved  delaminations  were  found  in  the 
Carbitex.  Elec trodeposi ted  nickel  was  then  deposited  on  the  front  end  of  the  chamber 
and  machined  to  form  a  smooth,  flat  forward  face  of  nickel  to  bear  against  the  O-rings. 
The  nickel  flange  and  entrance  of  the  nozzle  is  shown  in  Figure  23. 

There  were  a  number  of  circumferential  surface  flaws  in  the  entrance  region 
of  the  Carbitex,  which  caused  clusters  of  pyrolytic  graphite  nodule  growth.  The  throat 
region  was  quite  smooth,  without  any  flaws  in  the  Carbitex  or  nodule  clusters  in  the 
pyrolytic  graphite  coating. 

The  Carbitex  713  nozzle,  made  by  Carborundum  Co.,  was  coated  with  0.100 
inch  thick  pyrolytic  graphite  by  Super  Temp  Co.  The  electrodeposited  nickel  was 
applied  by  Electroforms,  Inc. ,  Gardena,  California.  The  length  of  the  PG/Carbitex 
nozzle  was  cut  so  that  it  would  be  just  contacting  the  rear  Speer  graphite  ring  after 
application  of  the  spring  preload.  Therefore,  as  the  nozzle  heated  up,  the  bearing 
load  on  the  nickel  flange  would  increase,  thereby  insuring  minimum  contact  resistance 
between  the  nickel  flange  and  the  water  cooled  adapter  to  avoid  melting  of  the  nickel 
flange. 
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FIGURE  22 DESIGN  OF  PYROLYTIC  GRAPHITE/CARBITEX/ NOZZLE  NO.  1 
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ENTRANCE  OF  PG/CARBI1  EX  NOZ7LE  NO. 


2. 


TEST  FIRING  EVALUATION 


The  PG/Carbitex  Nozzle  No.  1  was  test  fired  at  AFRP.L  on  1  June  1972  with 
N2O4/N2H4  at  a  mixture  ratio  of  1. 14.  The  nozzle  failed  20  seconds  after  ignition. 

The  chamber  pressure  had  dropped  slightly  from  a  mean  value  of  about  360  psig  to 
352  psig  at  the  time  of  failure. 

A  post  test  examination  of  the  nozzle  showed  that  the  PG/Carbitex  nozzle  l  td 
been  completely  removed.  Only  a  small  portion  of  the  Carbitex  at  the  beginning  of 
the  contraction  region,  held  by  the  Speer  graphite  support,  was  still  in  place.  The 
nickel  ring,  which  had  been  electrodeposited  on  the  leading  edge  of  the  PG/Carbitex 
nozzle  insert  to  seal  off  a  de lamination  in  the  Carbitex,  showed  no  sign  of  overheating. 
The  most  likely  cause  of  failure  was  thought  to  be  an  excessive  axial  load,  due  to 
restraint  of  thermal  expansion  of  the  PG/Carbitex,  possibly  combined  with  residual 
stress  concentrations  along  the  circumferential  nodule  clusters  in  the  nozzle  entrance. 

A  second  possible  cause  of  failure  was  excessive  erosion  in  the  convergent 
region,  because  the  amount  of  oxidation  in  the  convergent  region  almost  always  exceeds 
that  in  the  throat, since  chemical  erosion  of  such  pyrolytic  graphite  chambers  is  approx¬ 
imately  proportional  to  static  pressure,  if  other  conditions  such  as  temperature  and 
reactive  specifies  concentration  are  equal. 

Subsequent  examination  of  the  chamber  pressure  oscillograph  trace  showed 
that  combustion  instability  had  occurred  during  the  firing,  with  ±  50  psi  oscillations 
at  80  to  90  cps.  The  C*  efficiency  was  only  77. 3  percent. 

Since  the  frequency  of  instability  was  relatively  low,  the  full  amplitude  of 
chamber  pressure  rise  was  within  recording  capability  of  the  oscillograph,  so  that 
peak  chamber  pressures  should  not  have  exceeded  about  425  psia.  The  nozzle  had 
been  designed  for  400  psia .  An  analysis  of  dynamic  loading  on  the  chamber  structure 
was  not  done  so  that  the  importance  of  the  combustion  instability  on  the  nozzle  failure 
cannot  be  accurately  estimated. 
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SECTION  VI 


PYROLYTIC  GRAPHTTE/CARBITEX  NOZZLE  NO.  2 


1.  DESIGN  AND  FABRICATION 

The  20  second  firing  of  Pyrolytic  Graphite  Nozzle  No.  1  had  not  been  sufficient 
to  determine  nozzle  erosion  rates  at  steady  state  temperatures.  Therefore,  another 
nozzle  and  a  new  water  cooled  adapter  were  fabricated  with  the  design  configuration 
shown  in  Figure  24  .  This  design  eliminated  any  problem  of  sealing  between  the 
Carbitex  713  and  the  water  cooled  adapter,  but  had  the  disadvantage  of  creating  a 
turbulent  region  downstream  of  the  water  cooled  adapter  which  could  cause  higher 
oxidation  rates  there  or  in  the  throat.  Furthermore,  any  film  cooling  provided  by 
the  injector  would  be  essentially  eliminated,  causing  a  higher  film  temperature  along 
the  nozzle  wall  than  for  Pyrolytic  Graphite  Carbitex  Nozzle  No.  1.  A  very  good 
quality  coating  was  deposited  in  the  nozzle  entrance  and  throat,  as  shown  in  Figure 
25  .  Only  one  large  nodule  developed  during  deposition.  Several  circumferential 
flaw  lines  in  the  Carbitex  throat  were  coated  over  with  PG,  and  the  flaw  lines  were 
barely  visible. 

The  coating  in  the  exit  was  much  less  satisfactory,  with  many  nodules  caused 
by  surface  flaws  in  the  Carbitex. 

The  coating  thickness  deposited  by  Super  Temp  Co.  was  only  0. 085  inch 
instead  of  the  design  value  of  0. 100  inch,  due  to  some  unexplained  difference  in  depo¬ 
sition  rates  from  that  of  Pyrolytic  Graphite  Nozzle  No.  1. 

A  second  injector,  essentially  the  same  design  as  the  first  injector,  was  found 
to  be  free  of  combustion  instability,  and  was  used  for  subsequent  tests. 

2.  TEST  FIRING  EVALUATION 

The  nozzle  was  given  a  15  second  firing  using  NgO^/N^H^  at  a  mixture  ratio 
of  0. 94.  The  C*  efficiency  was  86,2  percent.  The  nozzle  was  examined  after  the 
firing  while  still  mounted  on  the  thrust  stand.  The  nozzle  was  in  excellent  condition, 
with  only  slight  throat  erosion  of  about  0. 010  inch.  Chamber  pressure  had  dropped 
about  15  psi  during  the  run. 

Any  erosion  which  might  have  occurred  in  the  entrance  region  could  not  be 
measured  with  the  nozzle  on  the  thrust  stand. 

A  second  firing  of  40  seconds  was  then  made,  during  which  another  15  psi  drop 
in  chamber  pressure  occurred.  It  had  been  previously  estimated  that  about  50  mils  of 
pyrolytic  graphite  erosion  would  be  the  maximum  allowable  because  of  structural 
requirements.  Therefore,  the  run  was  terminated  after  a  total  of  30  psi  drop  in 
chamber  pressure  had  occurred. 
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FIGURE  24.  DESIGN  OF  PYROLYTIC  GRAPHITE/CARBITEX  NOZZLE  NO. 


FIGURE  25.  ENTRANCE  OF  PG/CARBITEX  NOZZLE  NO. 


The  nozzle  was  in  good  condition  after  the  firing  except  that  the  nozzle  had 
broken  downstream  of  the  water  cooled  adapter  with  a  circumferential  crack.  The 
pyrolytic  graphite  coating  thickness  at  this  location  was  measured  to  be  as  thin  as 
0. 040  inch,  with  some  circumferential  variation  up  to  about  0. 060  inch. 

The  entrance  of  the  nozzle  after  firing  is  shown  in  Figure  26  .  The  single 
large  nodule  had  not  caused  any  structural  problem,  although,  erosion  around  it  was 
greater  than  elsewhere. 

The  throat  erosion  was  uneven,  with  the  greatest  enlargement  in  the  vicinity 
of  the  circumferential  line  flaws.  The  entire  nozzle  was  still  coated  with  pyrolytic 
graphite,  and  there  was  no  evidence  of  separation  of  the  pyrolytic  graphite  from  the 
Carbitex.  The  maximum  erosion  was  about  0. 052  inch.  Elsewhere  the  throat  erosion 
was  about  0. 032  inch  and  quite  uniform. 

It  was  concluded  that  nominal  throat  erosion  rates  of  the  pyrolytic  graphite 
coating  were  approximately  0.  6  mils/sec.  These  erosion  rates  are  considered  typical 
and  to  be  expected  using  ^O^/Amine  propellants  without  film  cooling.  Lower  erosion 
rates  could  be  expected  with  film  cooling  or  mixture  ratio  stratification.  The  maxi¬ 
mum  localized  erosion  rate  was  about  1.0  mils/sec. 

These  tests  demonstrated  the  excellent  thermal  expansion  compatibility  and 
coating  adherence  between  Carbitex  713  and  the  pyrolytic  graphite  coating.  As  in 
earlier  thrust  chamber  tests,  surface  flaws  in  the  Carbitex  713  were  present 
and  detracted  from  the  structural  strength  and  erosion  resistance  of  the 
PG/Carbitex.  Application  of  this  material  system  as  a  throat  insert  rather  than  as 
primary  structure  would  alleviate  some  of  the  effects  of  Carbitex  surface  flaws. 
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FIGURE  26.  ENTRANCE  CF  PG/CARBlTEX  NOZZLE  NO.  2  AFTER  FIRING 


SECTION  VII 


PYROBOND  NOZZLES 


Three  PYROBOND  nozzles  made  of  filament  wound  graphite  yarn  with  a  CVD 
carbon  matrix  were  fabricated  with  the  design  goal  of  being  interchangeable  with  the 
Carbitex  nozzles.  Because  of  program  redirection,  this  effort  was  terminated  before 
completion  of  fabrication.  The  three  filament  windings  shown  in  Figure  27  were 
wound  by  the  Whittaker  Corporation,  San  Diego,  California,  using  Hitco  GY2-1  yarn. 

The  winding  pattern  was  changed  after  Nozzle  No.  1  had  been  wound  in  order  to  get  a 
closer  fiber  spacing  in  the  large  diameter  portions  of  the  nozzles. 

The  nozzles  were  infiltrated  with  CVD  carbon  by  Super  Temp  Co.  The  entrance  of 
Nozzle  No.  2  is  shown  in  Figure  28  after  infiltration.  A  side  view  of  Nozzle  No.  2 
is  shown  in  Figure  29  .  Material  at  both  ends  of  the  nozzle  as  shown  would  be  removed 
in  final  machining  to  the  design  length. 

The  quality  of  the  three  nozzles  varied,  with  No.  2  nozzle  showing  the  best  yarn 
spacing  uniformity  and  infiltrated  surface  smoothness. 


FIGURE  27.  FILAMENT  WINDINGS  FOR  PYR060ND  NOZZLES 


FIGURE  29.  PYROBOND  NOZZLE  NO.  2  SIDE  VIEW 


SECTION  vm 


ZIRCONIUM  CARBIDE/PYROLYTIC  GRAPHITE/CARBITEX  NOZZLE 


One  of  the  types  of  nozzles  selected  for  this  program  consisted  of  a  Carbitex 
713  liner  coated  with  a  pyrolytic  graphite  alloy  containing  either  zirconium  carbide 
or  hafnium  carbide.  Preliminary  fabrication  studies  with  coatings  on  2  inch  diameter 
Carbitex  713  tubes  were  successful,  and  fabrication  of  a  zirconium  carbide/py  roly  tic 
graphite  coated  Carbitex  nozzle  was  begun.  All  of  the  ZrC/PG  and  HfC/PG  deposition 
work  was  done  by  the  Raytheon  Company,  Waltham,  Mass.  This  fabrication  was  not 
completed  because  of  program  redirection  to  concentrate  on  carbide/pyrolytic  graphite 
washer  nozzles. 

1.  TUBES 

Two  Carbitex  713  tubes  and  two  PYROBOND  tubes,  approximately  2  inches  in 
diameter,  were  coated  on  the  inside  with  carbide/pyrolytic  graphite  alloys  as  listed  in 
Table  IV  .  The  PYROBOND  tubes  were  made  by  Super  Temp  Company. 

TABLE  IV 

CARBIDE/PYROLYTIC  GRAPHITE  COATED  TUBES 


Pyrolytic  Tube  Coating  Wt.  Percent 


Run  No. 

Coating 

Length 

Thickness 

of  Metal 

Graphitic  Tube 

MQP-109 

ZrC/PG 

4.68 

0. 060 

25 

Carbitex  713 

MQP-110 

ZrC/PG 

2.0 

0.100 

25 

GSGY2-5  Pyrobond 

MQP-112 

HfC/PG 

4.9 

0.080 

50 

Carbitex  713 

MQP-113 

HfC/PG 

2.0 

0.080 

50 

CY2-1  Pyrobond 

The  ZrC/PG  coating  from  Run  MQP-109  was  of  excellent  quality  with  no  visible 
cracks  or  delaminations.  The  zirconium  content  ranged  from  20  percent  at  the  entrance 
to  30  percent  at  the  exit. 

The  coating  thickness  on  run  MQP-110  was  0.100  inch  instead  of  the  intended  0.080  inch. 
Because  of  the  large  thickness -to-radi us  ratio  approaching  0. 10,  there  was  a  delamination 
within  the  ZrC/PG.  However,  the  adherence  of  the  coating  to  the  PYROBOND  tube 
appeared  to  be  excellent. 
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The  HfC/PG  coatings  on  the  last  two  runs  appeared  to  be  of  excellent  quality, 
with  no  cracks  or  delaxninations.  The  interface  and  microstructure  of  the  HfC/PG 
coating  on  the  CY  2-1  PYROBOND  tube  is  shown  in  Figure  30  .  The  HfC/PG  coating 
appears  to  be  anchored  into  the  PYROBOND  tube  by  deposition  within  the  gaps  between 
graphite  yarns. 

2.  NOZZLE  FABRICATION 

Two  furnace  runs  were  made  by  the  Raytheon  Company  to  deposit  a  0. 10  inch 
thick  coating  of  ZrC/PG  on  the  inside  of  C  arbitex  nozzles  procured  from  the  Carborundum 
Company.  A  metal  content  of  25  percent  by  weight  was  desired.  Thermal  stress  analysis 
showed  that  this  composite  nozzle  would  be  structurally  satisfactory. 

Dendritic  growths  occurred  in  both  nozzles,  but  the  coating  microstructure, 
thickness  and  adhesion  to  the  C arbitex  was  excellent  in  areas  cot  affected  by  the  growths. 

The  coating  produced  by  the  second  furnace  run  is  shown  in  Figure  31  •  A 

third  furnace  run  made  with  an  ATJ  graphite  nozzle  produced  similar  growths.  Analysis 
of  the  flow  rates  and  nozzle  geometry  led  to  the  conclusion  that  the  growths  were  caused 
by  flow  separation  due  to  rapid  area  expansion  and  were  unrelated  to  slight  surface  flaws 
on  the  C arbitex.  It  was  expected  that  the  problem  of  dendritic  growth  could  be  solved 
without  much  difficulty  by  proper  design  of  a  plug  for  control  of  flow  expansion  in  the 
exit  nozzle.  However,  this  portion  of  the  contract  effort  was  discontinued  after  the 
third  run  because  of  program  redirection. 


FIGURE  31.  ZrC/PG  COATED  CARBiTEX 


SECTION  DC 


CARBIDE/PYROLYTIC  GRAPHITE  WASHER  NOZZLE 


One  of  the  three  types  of  nozzles  chosen  originally  for  this  program  v,’ as  to  be 
made  of  edge  oriented  washers  of  pyrolytic  graphite  alloys  containing  hafnium  carbide 
or  zirconium  carbide.  This  material  system  had  previously  been  successfully  test 
fired  at  Marquardt  with  oxidizing  prq>ellants  at  a  chamber  pressure  of  100  psia  as 
reported  in  Reference  5  .  These  test  firings  exposed  the  c-plane  edge  of  the 

washers  to  oxidation  and  gas  shearing  forces.  The  ZrC/PG  and  HfC/PG  washers 
have  many  potential  advantages  over  pure  PG  washers,  including  much  superior 
oxidation  resistance  and  lower  axial  thermal  expansion.  The  previous  test  firings 
had  shown  very  small  throat  erosion  with  test  durations  over  400  seconds.  No  stress 
failures  or  cracking  occurred  in  the  test  firings.  Oxidation  resistance  is  due  to  the 
formation  of  an  adherent  surface  coating  of  Zr02  or  Hf02  with  oxide  melting  temperatures 
near  5000°F. 

Pyrolyticaiiy  formed  alloys  of  zirconium  carbide  and  hafnium  carbide  with 
graphite  have  been  developed  by  Raytheon  Company  during  recent  years  under  a 
series  of  subcontracts  to  Marquardt  funded  by  NASA.  Results  of  this  work  are  pre¬ 
sented  in  References  5  and  6  .  These  material  systems  have  melting  tempera¬ 
tures  above  5000°F,  have  tensile  strengths  between  20,000  and  40,000  psi  at  room 
temperature,  and  flexure  strengths  of  40,  000  to  80,  000  psi  at  temperatures  up  to 
4000°F. 


The  carbide/pyrolytic  graphite  alloys  have  unique  physical  properties  which 
set  them  apart  from  other  carbide/graphite  composites  such  as  JTA  graphite  or  are 
cast  carbide  /graphite  compos. tes.  In  particular,  the  zirconium  carbide  and  hafnium 
carbide  are  not  coatings  and  are  not  granular,  but  are  dispersed  throughout  the 
structure  in  such  a  fine  alloy  that  the  carbide  phase  cannot  be  detected  by  photomicrographs. 

The  zirconium  carbide  and  hafnium  carbide  alloys  in  pyrolytic  graphite  are  formed 
by  simultaneous  vapor  deposition  from  a  mixture  of  carbon  source  gas  (methane)  and  a 
metal  source  gas  (zirconium  tetrachloride  or  hafnium  tetrachloride).  The  process  is 
shown  schematically  in  Figure  32.  The  microstrueture  and  physical  properties  of  the 
ZrC/PG  and  HfC/PG  alloys  are  similar  to  pyrolytic  graphite  in  that  the  structure  is 
completely  impervious  and  the  material  has  a  degree  of  anisotropy,  v/hich  decreases 
as  metal  content  is  increased. 

1.  FABRICATION 

The  largest  flat  plates  of  ZrC/PG  or  HfC/PG  made  by  Raytheon  prior  to  this 
program  had  been  in  three  inch  widths.  Production  of  carbide/PG plates  had  been 
more  difficult  than  production  of  unalloyed  PG  but  plates  up  to  0.25  inch  thickness  had 
been  made  and  used  in  the  100  lb.  thrust  nozzle  firings.  Therefore,  Marquardt  had 
predicted  that  production  of  six  inch  diameter  plates  of  1/4  to  3/8  inch  thickness  could 
be  accomplished  without  too  much  difficulty.  It  was  found  during  this  program  that 
this  prediction  had  been  incorrect,  and  a  much  larger  effort  than  originally  envisioned 
was  made  in  an  attempt  to  make  HfC/PG  and  ZrC/PG  plates. 
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Hafnium  pyrocarbide  (HfC/PG)  and  zirconium  pyrocarbide  (ZrC/PG)  are  made 
by  Raytheon  Co.  using  a  mixture  of  HfCl4  of  ZrCl4  and  methane  injected  into  a  vacuum 
furnace,  where  pyrolysis  takes  place,  followed  by  vapor  deposition  of  PG  and  the  carbide. 
The  injector,  usually  located  near  the  bottom  of  the  furnace,  is  exposed  to  radiation  heat 
transfer  from  the  furnace,  and  must  therefore  be  water  cooled.  On  the  other  hand,  the 
metal  chlorides  condense  inside  the  injector  unless  the  injector  is  heated  above  their 
sublimation  temperatures,  331°C  for  ZrCl4,  or  317°C  for  HfCl4  at  1  atmosphere. 

The  mic restructure  and  general  physical  properties  of  the  pyrocarbides  are 
similar  to  those  of  pyrolytic  graphite.  However,  some  of  the  properties,  although 
similar  in  kind,  differ  in  magnitude.  These  differences  are  not  of  significance  when 
making  axisymetric  depositions,  as  evidenced  by  the  successful  fabrication  of  large 
numbers  of  thrust  chambers,  as  reported  in  References  5  and  6  .  However, 
the  differences  between  unalloyed  PG  and  the  carbide  alloys  do  create  much  more 
difficulty  in  making  flat  plates. 

The  first  problem  encountered  in  making  flat  plates  of  carhide/pyrolytic 
graphite  alloys  is  due  to  the  need  for  longer  furnace  runs  than  when  making  axisymetric 
deposits,  which  are  generally  thinner  than  the  desired  plate  thicknesses  of  1/4  to  3/8 
inch.  This  aggravates  a  problem  of  injector  plugging  when  depositing  the  carbide 
alloys,  which  is  not  a  problem  in  making  pyrolytic  graphite.  The  carbide  alloys  form 
hard,  adherent  deposits  over  the  tip  of  the  injector,  which  can  eventually  block  all  gas 
flow  and  terminate  the  run. 

A  second  problem  encountered  in  making  pyrocarbides  is  the  fact  that  their 
deposits  on  open  shapes  such  as  mandrels  for  flat  plates  have  a  greater  tendencey  to 
bow  and  delaminate  than  do  deposits  of  pyrolytic  graphite.  The  complex  interactions  of 
anisotropy,  variable  lattice  transformation,  and  plastic  deformation  of  pyrolytic  graphite 
is  not  well  understood.  The  property  causing  the  major  difficulty  in  pyrocarbide  plate 
fabrication  is  thought  to  be  "growth",  or  variable  lattice  transformation,  which  produces 
a  permanent  growth  in  the  a -direction  and  shrinkage  in  the  c-direction  upon  exposure 
to  elevated  temperatures.  An  empirical  treatment  of  these  factors  has  been  found 
for  fabrication  of  pyrolytic  graphite  plate.  Flat  PG  is  ordinarily  made  from  bowed 
plates,  the  result  of  residual  stresses  caused  by  interaction  of  the  material  phenomena 
mentioned  above.  It  was  hoped  that  a  empirical  treatment  of  these  factors  would  also 
be  successfull  for  fabrication  of  pyrocarbide  plate. 

Raytheon  made  a  total  of  25  furnace  runs  to  fabricate  material  for  ZrC/PG  or 
HfC/PG  washers  during  this  program.  The  run  data  are  summarized  in  Tabic  V 

The  argon  flow  through  the  metal  retort  was  added  to  the  Cl2  flow  to  get  better 
mixing  in  the  retort,  where  the  Clg  reacts  with  heated  metal  chips  to  produce  the  metal 
chloride.  Some  hydrogen  flow  was  mixed  with  the  methane  flow  in  a  few  early  runs. 

The  argon  flow  through  the  injector  tip  was  used  to  protect  the  injector  tip  from  source 
gases.  During  early  runs  using  a  Raytheon  injector,  this  argon  flow  was  injected  through 
separate  tubes  into  the  area  around  the  injector  tip.  The  argon  flow  was  later  injected 
through  an  injector  tip  designed  by  Marquardt. 
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TABLE  V 


a.  Runs  81  thru  SO 

A  Raytheon  injector  was  used  for  the  first  ten  runs.  The  principal 
problem  during  these  runs  was  plugging  of  the  injector.  A  variety  of  furnace  setup 
configurations  were  used  in  attempts  to  avoid  plugging.  On  Runs  81  and  82,  a  conical 
expansion  shroud  was  place  around  the  injector,  which  had  an  O.  D.  of  1.5  inches. 

The  conical  shroud  expanded  from  the  injector  O.D.  to  a  diameter  cf  3.875  inches  over 
a  distance  of  3  inches.  The  injector  plugged  in  10  hours  on  Run  81  and  23  hours  on 
Run  82.  An  extension  tube  was  placed  on  the  injector  for  Run  83,  but  plugged  in  21 
hours.  A  graphite  plate  with  a  1. 5  inch  diameter  hole  was  placed  just  downstream 
of  the  injector  on  Run  84.  However,  the  injector  plugged  in  8  hours.  A  similar 
design  using  a  pyrolytic  graphite  plate  plugged  on  Run  85  after  21  hours.  On  Run  86, 
the  injector  was  inserted  into  a  3  inch  diameter  tube  which,  in  turn,  entered  the 
mandrel  volume.  This  run  lasted  48  hours  without  plugging  the  injector. 

The  mandrels  for  Runs  81  and  82  were  in  the  form  of  a  4-sided  box, 

18  inches  long  and  square  cross  section  of  6  x  6  inches.  The  source  gases  passed 
inside  the  box  and  deposited  on  the  inside  surfaces  of  the  graphite  plates  forming  the 
box.  The  deposits  on  these  mandrels  were  very  thin,  partly  because  of  the  short  run 
times.  The  sides  were  machined  concave  in  the  transverse  direction  with  a  radius 
of  curvature  of  20  inches,  in  an  attempt  to  counteract  plate  bowing. 

Circular  depressed  ports  in  the  sides  of  the  mandrel  boxes  were  used 
on  Runs  83  through  89.  The  circular  depressions  were  6  inches  in  diameter.  In 
some  cases,  the  source  gas  passed  straight  through  the  box,  and  was  diverted  to 
all  sides  at  the  exit  by  a  lid  held  1  inch  above  the  box.  In  other  cases,  the  lid  sat 
directly  on  the  top  of  the  box,  and  the  source  gases  reversed  Within  the  box  and  flowed 
out  exit  holes  in  the  bottom  of  the  box.  Two  curved  plates  of  about  0.180  inch 
thickness  were  obtained  from  Run  86.  The  metal  content  at  the  center  of  the  curved 
plate  was  21.7  weight  percent  zirconium. 

b  Marquardt  Injectors 

After  completion  of  Run  90,  it  was  evident  that  injector  plugging  was 
i  serious  problem  which  would  have  to  be  solved  if  thick  pyrocarbide  plates  were 
to  be  made.  Therefore,  Marquardt  designed  and  fabricated  two  injectors  with 
provision  for  injection  of  a  concentric  sheet  of  argon  around  the  injector  tip.  The 
sheet  of  argon  was  intended  to  blanket  the  injector  tip  with  a  layer  of  inert  gas  so  that 
the  recirculating  pyrolyzed  CH^  and  metal  tetrachloride  could  not  deposit  on  the 
injector. 

The  first  injector  made  by  Marquardt  had  a  copper  tip.  The  copper 
tip  melted  during  test  Run  91.  The  second  injector  tip  made  by  Marquardt  had  a 
Nickel  tip  and  was  tested  successfully  oil  Run  93.  No  deposits  were  found  on  the 
tip  after  a  4  hour  run.  This  injector  was  used  throughout  the  remainder  of  the  program, 
and  was  fairly  successful  in  eliminating  injector  plugging,  although  some  plugging  did 
occur  on  a  few  runs.  The  nickel  tip  injector  is  shown  in  Figure  33. 
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FIGURE  33.  NICKEL  TIP  INJECTOR 


c. 


Runs  94  thru  99 


Previous  work  by  Raytheon  had  led  to  the  conclusion  that  either  a  high 
temperature  near  2150*C  or  a  low  temperature  near  1700 "C  was  preferred  for  making 
pyrocarbide  plate.  The  low  temperature  was  thought  to  be  too  low  for  rapid  growth, 
while  the  high  temperature  was  thought  to  accelerate  the  growth  so  that  it  would  occur 
so  soon  after  deposition  that  material  deposited  later  would  not  be  damaged. 

Run  94  was  a  20  hour  run  at  1675°C  using  a  box  mandrel  with  a  recessed 
circular  port  mandrel  in  each  of  4  sides.  One  mandrel  was  flat,  and  the  other  three 
were  concave,  with  curvature  radii  of  19.  21  and  23  inches.  The  Pow  was  reversed  in 
the  box,  exiting  out  holes  in  the  bottom.  These  exit  holes  plugged  after  20  hours.  The 
deposit  was  very  thin  (0. 050  inch)  and  no  significant  advantage  between  the  various 
mandrel  curvatures  could  be  seen. 

Run  95  was  made  by  Raytheon  at  2150“C  using  straight  flow  through  a 
box  12  inches  long  with  6  inch  wide  side’'.  The  metal  retort  plugged  after  12  hours, 
terminating  the  run.  The  material  deposited  on  the  side  of  the  box  was  of  excellent 
quality,  but  was  found  later  to  contain  only  1. 5  wt.  percent  zirconium.  This  result 
confirmed  that  production  of  PG  plate  is  much  easier  than  production  of  pyrocarbide 
plate  containing  significant  amounts  of  carbide. 

Run  96  was  made  with  the  same  mandrel  setup  and  furnace  conditions 
as  Run  95  and  was  terminated  after  40  hours  without  any  problems.  The  deposits 
on  the  mandre*  sides  varied  from  .  120  inch  at  the  bottom  to  .240  inch  at  the  top. 
However,  a  much  thicker  plate  was  deposited  on  the  lid,  being  about  0.4  inch  thick 
with  some  bow.  The  lid  had  not  been  intended  as  a  mandrel,  but  it  was  found  that 
the  deposit  on  the  lid  was  not  only  thicker,  but  also  had  11.2  wt,  percent  zirconium 
compared  to  only  1.5  percent  on  the  side  mandrels. 

Run  97  was  made  with  two  box  mandrels  with  a  7-1/2  x  2  inch  cross- 
section.  The  reduced  cross-section  was  used  in  order  to  get  a  higher  Reynolds 
number,  and  presumably,  higher  deposit  rates,  A  circular  mandrel  port  was 
located  in  each  of  the  7-1/2  inch  wide  sides.  Two  such  mandrel  boxes  were  stacked 
in  the  furnace.  The  furnace  temperature  was  1700°C.  The  deposits  in  the  mandrel 
were  bowed  and  delaminated.  The  higher  flow  rate  per  unit  area  had  produced  greater 
deposition  rates,  however,  about  4.5  mils/hr.  The  metal  content  of  15.5  percent 
was  much  higher  than  in  previous  runs. 

Run  98  was  made  with  the  same  furnace  conditions  as  Run  96,  except 
that  the  chlorine  flow  rate  was  increased  five-fold  in  an  attempt  to  get  higher  metal 
content.  The  injector  plugged  after  10  hours.  The  deposits  on  the  maadrel  sides  were 
thin  and  contained  only  3  percent  zirconium.  The  deposit  on  the  lid  was  sooty  and 
cracked. 


Run  99  was  made  at  1700%)  in  an  attempt  to  ayoid  injector  plugging  and 
also  to  get  higher  metal  content.  The  run  was  terminated  after  40  hours  by  plugging 
of  the  metal  retort.  There  was  some  deposit  around  the  injector,  but  flow  had  not 
been  blocked.  A  3  x  6  inch  cross -section  was  used  in  the  mandrel  box.  Metal  content 
was  8. 2  percent  and  the  deposition  rate  was  5  mils /hr.  The  deposited  material  was 
delaminated  and  bowed. 

d.  Runs  100  thru  102 

The  next  three  runs  were  made  at  lower  temperatures  than  ever  before 
used,  with  the  idea  that  growth  at  lower  temperatures  might  be  eliminated.  It  was 
also  expected  that  injector  plugging  would  be  minimized  and  metal  content  would  be 
increased  at  lower  temperatures,  although  it  was  recognized  that  deposition  rate 
would  be  reduced. 

Run  100  was  made  for  50  hours  at  1500%)  with  a  12  inch  long  3x6 
inch  box  and  flat  walls.  Deposits  about  1/8  inch  thick  were  of  uneven  thickness 
and  delaminated.  Metal  content  was  about  14  percent. 

Run  101  was  made  at  1400%)  with  other  furnace  conditions  and  mandrel 
design  the  same  as  for  Run  100.  The  deposition  rate  was  very  low,  about  0.5  mils/hr. 
The  deposited  material  was  delaminated. 

Run  102  was  made  at  1500%)  using  hafnium  for  the  first  time  in  this 
program.  Growth  data  reported  in  Reference  6  suggested  that  growth  of  HfC/PG 
might  be  less  than  that  of  ZrC/PG,  and  might  also  be  less  with  high  hafnium  content. 
Increased  chlorine  flow  was  used  on  Run  102  to  raise  metal  content  to  an  average 
of  35  wt.  percent.  A  10  hour  run  depositing  pure  PG  preceeded  the  40  hour  pyro- 
carbide  deposition.  The  PG  precoat  was  intended  to  stabilize  the  mandrel  and 
resist  bowing  caused  by  growth  of  the  HfC/FG.  The  deposits  within  the  3  x  6  x  12 
inch  long  box  were  badly  delaminated. 

e.  Runs  103  thru  105 

The  last  three  furnace  runs  were  made  with  reduced  mandrel  sizes 
which  ware  just  large  enough  to  make  washers  for  a  nozzle  with  a  1. 5  inch  throat 
diameter  required  for  the  objectives  of  the  program  redirection.  The  smaller 
mandrels  had  a  smaller  flow  cross-section  which  was  expected  to  provide  higher 
deposition  rates  for  the  same  flow  rates.  Hafnium  was  again  used  on  Run  103.  A 
temperature  of  1600°C  was  used  on  this  and  remaining  runs  since  it  provided  high 
metal  content  with  fair  deposition  rates.  A  5  x  5  x  10  inch  long  mandrel  box  was 
used  on  Run  103.  All  flow  rates  were  doubled,  except  the  argon  tip  flow,  in  order 
to  increase  deposition  rates.  A  20  hour  run  was  made.  The  deposit  was  of  good 
appearance  except  for  1  delamination  in  the  center.  Metal  content  was  about  40 
percent.  Deposition  rate  was  5  mils/hr. 
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Run  104  was  made  with  zirconium.  Flow  rates  were  increased  almost 
two-fold.  Two  mandrel  boxes,  5-1/2  inches  long,  with  2x5  inch  cross-section  were 
used.  The  deposited  material  was  0.20  inch  thick,  but  was  badly  delaminated.  Metal 
content  was  about  40  percent.  The  deposition  rate  was  high,  about  8  mils/hr. 

Run  105  was  made  with  similar  conditions  to  Run  104  except  that  the 
mandrel  box  cross-section  was  increased  to  2-1/2  x  5  inch  and  hafnium  was  used 
instead  of  zirconium.  The  metal  content  in  the  1/4  inch  thick  material  deposited 
during  a  26.5  hour  run  was  65  percent.  Deposition  rate  was  9.4  mils/hr.  A  3/8 
inch  thick  deposit  was  formed  on  the  lid  but  was  bowed  and  delaminated.  It  was 
concluded  from  this  run  that  delaminations  in  high  hafnium  content  material  were 
not  significantly  less  than  in  zirconium  pyrocarbide. 

After  completion  of  Run  105,  Raytheon  made  a  run  with  their  company 
funding  to  deposit  HfC/PG  plates  on  rigid  mandrels  made  from  1  inch  thick  graphite. 
Several  plates  with  an  O.  D.  of  3. 9  inches  were  produced  with  only  slight  bow. 

Original  thicknesses  were  about  0.250  inch,  but  most  of  the  plates  delaminated 
during  machining ,  indicating  that  the  flat  plates  contained  very  high  residual  stresses. 

f.  Conclusions 

The  following  conclusions  were  drawn  regarding  the  fabrication  of 
flat  plate  of  pyrocarbides. 

(1)  Production  of  flat  pyrocarbide  plates  is  much  more  difficult  than 
production  of  flat  pyrolytic  graphite. 

(2)  Hafnium  pyrocarbide  plate  has  tendencies  to  bow  and  delaminate 
which  are  not  significantly  less  severe  than  similar  behavior  of 
zirconium  pyrocarbide. 

(3)  The  mandrel  design  with  best  promise  of  providing  pyrocarbide  plate 
is  one  perpendicular  to  the  flow  direction.  The  thickest  pyrocarbide 
plate  deposited  without  delaminations  was  deposited  on  the  lid  of 

Run  96.  This  plate  was  bowed,  but  contained  11.2  wt.  percent 
zirconium  compared  to  only  1. 5  percent  on  the  sides  of  the  box. 
Fabrication  of  washer  nozzles,  using  bowed  plates,  is  not  difficult 
and  such  an  approach  was  used  in  the  washer  nozzle  tested  under 
this  program. 

(4)  The  injector  designed  by  Marquardt  was  largely  successful  in 
eliminating  plugging  but  did  not  completely  eliminate  the  problem  of 
plugging  on  long  runs. 
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2. 


DESIGN  AND  ANALYSIS 


A  pyrolytic  graphite  washer  nozzle  shown  in  Figure  34  was  designed  and 
fabricated  by  AFRPL  with  a  throat  diameter  of  1.47  inch  to  meet  the  nozzle  con¬ 
figuration  specified  by  the  program  redirection.  A  total  of  0. 100  inch  axial  gap 
was  provided  between  the  PG  washers  to  allow  thermal  expansion. 

A  nozzle  was  fabricated  by  Marquardt  with  py roc ar bide  washers  in  the 
throat  as  shown  in  Figure  35.  The  ZrC/PG  washer  was  made  from  the  plate 
deposited  on  the  lid  on  Run  96.  It  was  machined  flat  on  one  face  and  mated  to 
a  concave  PG  plate  on  the  other  face.  The  HfC/PG  washers  were  made  from 
material  provided  by  Raytheon  after  the  completion  of  Run  105. 

The  pyroearbide  washers  were  assembled  in  a  nozzle  similar  to  that  shown 
in  Figure  34. 

3.  TEST  FIRING  EVALUATION 

The  PG  washer  nozzle,  made  of  Pfizer  pyrolytic  graphite,  was  tested  for  73 
seconds,  during  which  the  chamber  pressure  dropped  from  562  psig  to  225  psig. 

The  nozzle  eroded  badly,  as  shown  in  Figure  36.  The  rough  scalloped  surface 
of  the  nozzle  indicated  that  erosion  was  by  mechanical  spalling  rather  than  by 
chemical  erosion.  The  reason  for  this  mechanical  spalling  is  not  known,  but  it 
is  speculated  that  residual  stresses  might  have  played  a  role. 


The  pyroearbide  washer  nozzle  was  tested  at  AFRPL  with  N204/MMH  at 
an  initial  chamber  pressure  of  508  psig  and  a  mixture  ration  of  1. 82.  The  C* 
efficiency  was  86.8  percent.  The  pyroearbide  washer  nozzle  was  tested  for  24 
seconds,  during  which  the  chamber  pressure  dropped  from  508  psig  to  327  psig. 

The  HfC/PG  washers  delaminated  and  cracked,  with  failure  apparently  caused  by 
residual  stresses.  There  were  gaps  between  the  pieces  of  HfC/PG  v  ashers  remain¬ 
ing.  Portions  of  the  HfC/PG  washers  were  covered  with  deposits  which  had  apparent¬ 
ly  been  molten,  as  shown  in  Figure  37.  Some  of  the  deposits  were  tan  or  white,  and 
had  the  appearance  of  an  oxide.  Other  deposits  were  metallic  and  shiny  with  a  silver 
color. 


The  combustion  gas  in  recirculation  zones  between  the  partially  removed 
HfC/PG  washers  could  have  exceeded  5250°F,  the  approximate  melting  point  of  Hf02. 

The  zirconium  pyroearbide  washer  had  eroded  in  a  manner  very  similar  to 
the  pyrolytic  graphite  washers.  There  was  no  evidence  of  dry  or  molten  oxide 
having  formed.  It  seems  likely  that  surface  spalling  of  the  washer  was  so  rapid 
that  a  significant  oxide  layer  could  not  form. 
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FIGURE  34.  PYROLYTIC  GRAPHITE  WASHER  NOZZLE  DESIGN 


PYROLYTIC  GRAPHITE  WASHER  NOZZLE 


C/PG 


The  following  conclusions  were  drawn  from  the  washer  nozzle  test  firings: 

(a)  Erosion  of  the  nozzles  was  primarily  mechanical.  The  reason  for 
the  severe  mechanical  spalling  is  not  known. 

(b)  There  was  some  evidence  that  molten  HfDg  was  formed  on  the 
HfC/PG  washers  and  adhered  rather  well  in  recirculation  zones. 

Failure  of  the  HfC/PG  washers  due  to  delaminations  was  more 
severe  than  that  of  the  ZrC/PG  washer.  This  was  probably  due  to 
the  presence  of  larger  residual  stresses  in  the  flat  HfC/PG  deposited 
on  rigid  mandrels,  as  compared  to  the  bowed  ZrC/PG  plate. 

(c  The  throat  erosion  of  the  pyrocarbide  nozzle  was  about  the  same 
as  erosion  of  the  pyrolytic  graphite  washer  nozzle. 

(d)  Deposition  rate  increased  with  increasing  furnace  temperature  as  shown 
in  Figure  38  . 

(e)  Wt.  percent  metal  decreased  with  increasing  furnace  temperature, 
as  shown  in  Figure  39  . 
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SECTION  X 


CONCLUSIONS 


The  results  of  this  study  lead  to  the  following  conclusions: 

1.  A  segmented  nozzle  insert  using  pre-oxidized  boride  alloys  such 
as  Man  Lab's  Material  VH1  (18,10)  has  demonstrated  excellent 
erosion  resistance  as  au  uncooled  nozzle  material  for  ^O^/Amine 
propellants. 

2.  The  use  of  pre-oxidation  and  segmentation  of  Material  VIII  (18,10), 
together  with  thermal  stress  analysis  design  criteria,  was  successful 
in  providing  a  nozzle  insert  design  which  endured  peak  thermal 
stresses  without  failure. 

3.  The  pyrolytic  graphite  spring  design  used  for  containment  of  seg¬ 
mented  inserts  was  not  completely  successful.  Design  modifica¬ 
tions  or  optimized  spring  thickness  might  eliminate  the  problem 
of  cracking  and  displacement  encountered  by  the  springs. 

4.  Hafaium  pyrographite  and  zirconium  pyrographite  washers  were  not 
successful  in  reducing  erosion  below  that  experienced  on  pyrolytic 
graphite  washers  due  largely  to  mechanical  spalling  rather  than 
oxidation. 

5<  Fabrication  methods  for  producing  large  pyrocarbide  washers  could 
not  be  established  during  this  program.  Deposition  on  mandrels 
perpendicular  to  gas  flow  was  the  method  with  most  indication  of  promise. 

6.  The  injector  designed  by  Marquardt  was  largely  successful  in  pre¬ 
venting  injector  plugging  as  a  restriction  on  furnace  run  duration  for 
fabrication  of  pyrocarbide  washers.  Improved  designs  based  on  the 
same  principle  could  be  expected  to  be  even  more  successful  in 
preventing  injector  plugging. 

7.  Dendritic  growths  during  deposition  of  pyrocarbide  coatings  on 
Carbitex  occurred  on  two  furnace  runs ,  preventing  fabrication  and 
test  firings  of  this  type  of  nozzle.  Such  growths  could  probably  be 
eliminated  without  much  difficulty. 

8.  A  pyrolytic  graphite  coating  on  a  Garbitex  nozzle  demonstrated 
excellent  adhesion  and  low  erosion  rates ,  although  not  low  enough 
for  the  original  goals  of  this  program. 


SECTION  XI 


RECOMMENDATIONS 


1.  Additional  test  0  rings  of  a  number  of  segmented  pre -oxidized  boride  inserts 
should  be  performed  over  a  range  of  chamber  pressures  to  determine  operational 
limits  of  this  new  nozzle  design  concept.  Thermal  stress  analysis  and  heat  flux 
measurements  should  be  performed  to  correlate  tbe  test  results. 

2.  Fabrication  and  test  firings  of  zirconium  pyrocarbide  and  hafnium  pyrocarbide 
coated  nozzles  using  Carbitex  and  PYROBOND  substrates  should  be  completed. 

The  superior  performance  of  the  pyrolytic  graphite  coated  Carbitex  nozzle,  compared 
to  tbe  pyrolytic  graphite  washers,  might  be  further  enhanced  by  oxidation  resistance  of 
pyrocarbide  coatings. 
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